Introduction
============

The development of the retina requires the generation and integration of a large number of distinct cell types into functional neural circuits. Cells of the retina are distributed in three cellular layers: the outer nuclear layer (ONL), which contains rod and cone photoreceptors; the inner nuclear layer (INL), which consists of bipolar cells, amacrine cells, horizontal cells, and Müller glia; and the retinal ganglion cell layer (RGL), which contains amacrine cells and ganglion cells that convey photodetection to the rest of the brain \[[@r1]\]. Two synaptic layers, the outer plexiform layer (OPL), between the ONL and the INL, and the inner plexiform layer (IPL), between the INL and the RGL, contain the axons and dendrites that connect the cells of the retina and form the functional circuitry of vision. Members of the *Down syndrome cell adhesion molecule* (*Dscam*) gene (OMIM [602523](http://www.ncbi.nlm.nih.gov/omim/?term=602523)) family are required for spacing of similar cells and for laminar organization in the mouse retina, the latter a phenotype that is shared with the chick retina, in which knockdown of DSCAM can promote disorganization of retinal neurite banding \[[@r2]-[@r4]\]. Although studies have revealed phenotypes that occur in *Dscam* loss and gain of function experiments, the process by which DSCAMs mediate these functions has remained elusive.

In this study, we assayed the localization of DSCAM in the developing mouse retina. We found that the DSCAM protein was initially spread diffusely throughout the neurite containing the retinal IPL, but as development proceeded, the protein became concentrated in distinct puncta. DSCAM had temporally regulated distribution to excitatory and inhibitory synapses and was also found to colocalize with catenins, proteins that anchor cadherins to the cytoskeleton and play an important role in Wnt and other types of signaling \[[@r5]\]. The localization pattern we characterized identifies the catenin-containing adherens junction as a novel target for future studies aimed at understanding the integration of neurons into neuronal circuits and tissues. This study also demonstrates the dynamic localization pattern of a cell adhesion molecule, suggesting differential localization as a mechanism by which a single CAM can serve multiple functions during development.

Methods
=======

Animal care and ethics
----------------------

All protocols were performed in accordance with the University of Idaho Institutional Animal Care and Use Committee, and adhered to the ARVO statement for use of animals in research. Mice were fed ad libitum under a 12 h:12 h light-dark cycle. Mice taken for study were deeply anesthetized with tribromoethanol (500 mg/kg). Blood was flushed out of vessels by cardiac perfusion with PBS (140 mM NaCl, 2.5 mM KCl, 1.75 mM KH~2~PO~4~ and 10 mM Na~2~HPO~4~, pH 7.4). After the cardiac perfusion, tissues were collected. Mice carrying the *Dscam^del17^, Dscam^2J^, Dscam^3J^* and *Dscam^FD^* mutations were used in this study. These do not make a DSCAM protein that is detectable with either western blot analysis or immunohistochemistry \[[@r6],[@r7]\]. At least three retina sections from three different mice were imaged at each age and/or genotype for each antigen. Male and female mice were used in this study. No differences between the sexes were detected.

Genotyping
----------

Mice were genotyped with PCR as previously described \[[@r1],[@r3],[@r8],[@r9]\]. *Dscam^del17^* mice were genotyped using the primers DscamF CTT TGC GCG TTA TGA TCC T and DscamR GTG GTG TCG ATA CTG ATG. DNA was amplified in a thermocycler using the following program: 94 °C 2 min, 35 cycles of 94 °C 30 s, 53.5 °C 30 s, 72 °C 25 s and then 72 °C for 2 min. This results in amplification of a product of 170 base pairs (bps) from wild type mouse DNA. The *Dscam^del17^* mutation is a deletion mutation, resulting in a 133 bp product amplified from mice homozygous for the mutation, or both bands in heterozygotes. *Dscam^2J^* mice were genotyped using the primers Dscam2J F GCG AGA TTA AGA ACGAAC and Dscam2J R TCC TCC TTG GTA CGG GTA using the following thermocycler program. 94 °C 2 min, 35 cycles of 94 °C 30 s, 58 °C 30 s, 72 °C 50 s, followed by a final incubation at 72 °C for 4 min. DNA amplified from mice carrying the *Dscam^2J^* mutation will result in a PCR product 152 bps in size, while DNA prepared from wild type mice will yield no product. *Dscam^3J^* mice were genotyped using the same primers and genotyping program that is used to genotype the *Dscam^del17^* allele. Following PCR, 10 μl of the product is digested with the restriction enzyme BstUI (0.5 μl enzyme, 2 μl enzyme buffer and 7.5 μl water). The mutation destroys a BstUI restriction site, which cleaves the 170 bp product into two nearly equal fragments. *Dscam^FD^* mice were genotyped using the primers GCA CCA TGA TTG ACA GCC AAG TG and TGA GGG TCA CCT ACC AGG AG. The primers were used to amplify DNA using the following program: 94 °C 2 min, followed by 38 cycles of 94 °C 20 s, 60 °C 30 s and 72 °C 70 s, concluded with a final 4 min incubation at 72 °C. Amplification of DNA from mice carrying the *Dscam^FD^* mutation results in a product of approximately 500 bp, while no product is amplified from DNA isolated form wild type mice. Tail or toe tip biopsies were prepared for genotyping by boiling the biopsies in 25 μM sodium hydroxide and 0.2 μM EDTA for 15 min. Samples were neutralized with an equal volume of Tris Cl, pH 5.0. DNA was added to OneTaq Hot Start 2x Master Mix with standard buffer, along with primers and water to dilute the PCR mixture to 1× concentration (New England Biolabs, Ipswich, MA).

Retina dissection and staining
------------------------------

Eyes were carefully enucleated following cardiac perfusion and hemisected. The posterior half of the eye was incubated in 4% paraformaldehyde for 50 min on ice (DSCAM staining) or 30 min at room temperature (all other staining), followed by three washes in large volumes of PBS. Retinas were isolated from the posterior half of the eye and either dehydrated and embedded in paraffin or equilibrated in 30% sucrose for 1 h and then frozen in optimum cutting temperature (OCT). Sections were cut with a cryostat or microtome at 10 μm onto Super Frost plus charged slides (Fisher Scientific, Pittsburgh, PA, catalog number 12-550-15) slides. Paraffin sections were rehydrated and stained with hematoxylin and eosin. Frozen sections were blocked in 7.5% normal donkey serum and 0.1% Triton X-100 in PBS for 20 min (blocking solution). Primary antibodies were diluted in blocking solution and incubated overnight at 4 °C. Primary antibodies were washed three times in PBS for 10 min. Secondary antibodies were diluted in blocking solution, and 500 μl was applied over a given slide and incubated at room temperature for 2 h. Slides were then washed three times for 15 min in PBS. The second wash contained 1 μl 10 mg/ml 4\',6-diamidino-2-phenylindole (DAPI) solution per 50 ml of PBS. Whole retinas were stained in a similar fashion except that the blocking solution contained 0.4% Triton, the primary antibodies were incubated over 3 to 4 days, and the secondary antibodies were incubated at 4 °C for 2 days.

Antibodies/lectins
------------------

Fluorescent secondary antibodies were obtained from Jackson ImmunoResearch (West Grove, PA) and were used at a 1:500 dilution in blocking solution. Primary antibodies details are found in the following list. Rabbit anti 14-3-3 Epsilon (ywhae; Cell Signaling Technology, Danvers, MA; 9635; 1:400), Rabbit anti 14-3-3 Eta (ywhah; Cell Signaling Technology; 9640; 1:400), Mouse anti β-Catenin (BD Biosciences San Jose, CA; 610153; 1:200), Goat anti Bassoon (Santa Cruz Biotechnology, Santa Cruz, CA; sc-18565; 1:400), Mouse anti Cadherin 8.1 (DSHB, Iowa City, IA; 1:100), Mouse anti Cask (NeuroMab, Davis, CA; 75-000; 1:400), Mouse anti Connexin 36 (Millipore, Darmstadt, Germany; MAB3045; 1:400), Mouse anti Connexin 45 (Invitrogen, Franklin Lakes, NJ; 415 800; 1:400), Mouse anti CTBP2 (BD Biosciences; 612042; 1:400), Goat anti DSCAM (R&D Systems Minneapolis, MN; AF3315; 1:500 for WBA, 1:100 for IHC), Rabbit anti GABAa receptor delta subunit 2 (Synaptic Systems, Göttingen, Germany; 224 003; 1:400), Mouse anti Gap43 (Millipore; MAB347; 1:400), Mouse anti GluR1 (NeuroMab; 75-327; 1:500), Mouse anti GluR2 (NeuroMab; 75-002; 1:400), Rabbit anti GluR4 (Cell Signaling Technologies; 8070; 1:400), Goat anti GluR5 (Santa Cruz Biotechnology; Sc-7616; 1:100), Mouse anti GlyR (Synaptic Systems, Göttingen, Germany; 146 011; 1:400), Mouse anti ß-protocadherin (NeuroMab; 75-185; 1:400), Rabbit anti Magi2 (Sigma-Aldrich, St. Louis, MO; HPA 013 650; 1:400), Rabbit anti Magi3 (Sigma-Aldrich; HPA 007 923; 1:400), Mouse anti Mitochondria (Ox Phos; Life Technologies; A21348; 1:750), Rat anti N-Catenin (DSHB, IA; 1:200), Mouse anti Neuroligin 1 (NeuroMab; 75-160; 1:400), Rabbit anti NMDA 2AB (Millipore; AB1548; 1:400), Rabbit anti NMDA 2b (NeuroMab; Q00960; 1:400), Mouse anti NR1 (NeuroMab; 75-272; 1:500), Rabbit anti P2X2 (Alomone labs, Jerusalem, Israel; APR-003; 1:100), Rabbit anti P2X7 (Millipore; AB5246; 1:100), Mouse anti PSD95 (NeuroMab; 75-028; 1:200), Rat anti R-Cadherin (MRCD5; DSHB; 1:200), Rabbit anti Rim2 (Synaptic System; 140 103; 1:400), Mouse anti Sap102 (NeuroMab; 75-058; 1:200), Mouse anti Shank (NeuroMab; 75-089; 1:400), Rabbit anti Synapsin (Cell Signaling Technology; 5297; 1:400), Mouse anti synaptotagmin2 (ZIRC, Eugene, OR; 1:500), Mouse anti Syntaxin I (Sigma-Aldrich; S 0664; 1:1000), Rabbit anti Syntaxin II (Synaptic Systems; 110-022; 1:200), Rabbit anti Syntaxin III (Novus Biologicals, Littleton, CO; AB4113; 1:1000), Rabbit anti Syntaxin IV (Millipore; AB5330; 1:200), Rabbit anti ZO-1 (Invitrogen; 61-7300; 1:400), Rabbit anti ZO-2 (Invitrogen; 71-1400; 1:400) and Rabbit anti ZONAB (Invitrogen; 48-2800; 1:400. Secondary antibodies were purchased from Invitrogen (all Ig subtype specific antibodies) or Jackson ImmunoResearch (all other secondary antibodies) and used at a dilution of 1:1000.

Cell culture
------------

Retinas from P0 mice were isolated in Dulbecco's modification of Eagles Media/F12 (DMEM/F12) and incubated in TrpleE (Invitrogen) and incubated in TrplE (Invitrogen) for 20 min at 37 °C. After 20 min, the retinas were gently triturated into large clumps of cells and incubated for an additional 20 min. A second round of trituration was performed until the cells were dispersed into single cells or small clumps. Cells were plated on coverslips treated with poly-d-lysine, laminin, and fibronectin in neurobasal media supplemented with B27 (Custom) and N2 at 1× concentrations (all reagents from Invitrogen). Cells were incubated at 37 °C 5% CO~2~ for 2 weeks after which the cells were fixed in 4% buffered paraformaldehyde (PFA; Electron Microscopy Sciences, Hatfield, PA) supplemented with 12% sucrose for 10 min at 37 °C. The coverslips were then washed with PBS and stored at 4 °C until staining.

Colocalization analysis
-----------------------

Twenty µm retina sections were stained with antibodies to DSCAM and a second protein. Thirty confocal slices were imaged every 0.3 µm using an Olympus Fluoview confocal microscope (Tokyo, Japan) microscope. Images were opened in FIJI and prepared for analysis by cropping the IPL, applying a 1 pixel median filter for noise reduction, and then changing each channel's contrast and brightness to set equal puncta intensity and threshold for background subtraction. Images were analyzed for colocalization using custom software as previously described \[[@r10]\]. Briefly, thirty confocal images were collected for each pair of antigens compared. The degree of colocalization between different channels is measured. One of the two channels is rotated 180 degrees along the vertical axis (so as to maintain distribution of staining along S1-S5 of the inner plexiform layer) as a control. This software was developed by the research group of R.O. Wong and refined by A. Bleckert \[[@r11]\]. As a control, one of the two channels was flipped along the vertical axis, to randomize the distribution of the staining while maintaining any gradients of stain distribution within the inner plexiform layer.

Colocalization analysis
-----------------------

To evaluate the frequency of DSCAM colocalization with other proteins, confocal images were first collected using an Olympus Fluoview 1000 microscope at 1200× total magnification. Sections from the retinas of three independent mice were imaged at each specified age. Areas of the images in which staining of synaptic markers was not present, as the result of blood vessels, tissue tear, or glial processes, were outlined in Adobe Photoshop. The background of the image was set to black to eliminate dim background staining, leaving immunofluorescence associated with DSCAM or other puncta. The DSCAM or other protein puncta were counted. In this case, DSCAM was imaged in the red channel while the other protein was imaged in the green channel. To account for differences in the size of the puncta, the number of times a red punctum overlapped at least 50% with a green punctum was counted, as was the number of times a green punctum overlapped at least 50% with a red punctum. These numbers were used to generate the percentage of puncta that overlapped, reported in [Table 1](#t1){ref-type="table"}. As a control, the staining in the green channel was flipped along the vertical axis, therefore randomizing the relationship between the stains. The green puncta were counted again, and any that fell on areas that had been previously outlined in which no synaptic staining occurred were excluded, because otherwise the presence of blood vessels and other areas lacking staining would artificially decrease the chance of random colocalization, which cannot occur in an area where no synaptic staining was present in the first place. Likewise, areas that did not have synaptic staining were flipped to identify the number of red puncta onto which no green puncta could fall. The red and green puncta that overlapped by 50%, counted independently, were counted again and used to calculate the percentage overlap. To compare the number of colocalized puncta with the number of randomly colocalized puncta, the number of randomly colocalized puncta was divided by the ratio of the flipped red or green puncta and the total number of red or green puncta, which increased the count of randomly colocalized puncta and corrected for the decrease in potential random colocalization caused by the presence of areas that did not contain synaptic staining.

###### Table of colocalization.

  **Antigen**       **Age**   **Colocalization**   **Flipped**           
  ----------------- --------- -------------------- ------------- ------- ------
  SAP102            P7        6.7%                 6.3%          4.1%    2.6%
  SAP102            P14       11.3%                5.6%          5.6%    2.6%
  SAP102            Adult     11.6%                6%            4%      2%
  β-catenin         P14       21.5%                13.1%         6.7%    2.6%
  GABAaδ2           P14       10.8%                5.9%          8.3%    3.3%
  GAP43             P14       4.2%                 3.6%          4.4%    3.3%
  GluR4             P14       25.5%                6.4%          9.3%    4.3%
  MAGI2             P14       5.6%                 8.2%          2.4%    3.9%
  α-n-catenin       P14       24.1%                10.4%         5.9%    3.2%
  γ-protocadherin   P14       20.3%                8%            7.7%    2.7%
  RIM2              P14       17.0%                4.2%          10.7%   2.9%
  Syntaxin3         P14       7.5%                 4.7%          3.9%    3.1%

Imaging
-------

Sections and whole retinas were imaged using either an Olympus spinning disk (DSU) confocal microscope or an Olympus Fluoview confocal microscope. Images were cropped and rotated using Adobe Photoshop software. Any changes in brightness or contrast were made across entire images.

Results
=======

DSCAM prevents a cell type-specific adhesion that occurs in the absence of the protein. Functions for the protein in development of synapses in the mouse IPL have not been reported. Data from the chick retina and other parts of the mammalian nervous system indicate that *Dscam* is required for lamination of retinal processes and morphology of other central nervous system (CNS) neurons \[[@r2],[@r12],[@r13]\]. To determine if mouse *Dscam* plays a role in synaptic organization and to understand how a single protein can mediate such a wide range of processes, we sought to identify the dynamics of DSCAM distribution in the retina.

To understand how DSCAM mediates retinal development, we first compared the distribution of DSCAM with the development of the wild-type and *Dscam* null retina. We observed that DSCAM was diffusely spread throughout the IPL early during development of the mouse retina but by postnatal day 2 (P2) the protein began to be restricted to the puncta ([Figure 1A,B](#f1){ref-type="fig"}). Diffuse staining transitioned to an increasingly punctate pattern as development progressed ([Figure 1C,D](#f1){ref-type="fig"}). A similar staining pattern was observed in the adult retina ([Figure 1E](#f1){ref-type="fig"}). Localization of residual DSCAM protein, when present, was also assayed in an allelic series of *Dscam* mutants. Residual DSCAM protein was observed aggregated around the cell soma of the *Dscam^del17^*, *Dscam^3J^*, and *Dscam^FD^* retina ([Figure 1F,H,I](#f1){ref-type="fig"}). No protein was detected in the *Dscam^2J^* retina, as previously described ([Figure 1G](#f1){ref-type="fig"}) \[[@r6]\]. Antibody specificity was assayed in the adult retina by using a secondary-only control ([Figure 1J](#f1){ref-type="fig"}). Organization of the wild-type and *Dscam* mutant retina was also assayed during early postnatal development ([Figure 1K--O](#f1){ref-type="fig"}). The wild-type and *Dscam* mutant retina appeared similar until P4, when an increase in the number of cell bodies in the inner plexiform layer was observed ([Figure 1K](#f1){ref-type="fig"}--M). Increasing disorganization of the *Dscam* mutant retina was observed after P4 ([Figure 1N,O](#f1){ref-type="fig"}). Therefore, during the early stages of retinal development, DSCAM was diffusely distributed, while at later developmental stages, during which the retina became disorganized in the absence of *Dscam*, the staining transitioned to a more punctate pattern.

![Localization of DSCAM in the mouse retina. **A**--**D**: Sections of wild-type retina from P0, P2, P4, and P7 mice were stained with antibodies to DSCAM. The DSCAM protein was observed throughout the inner plexiform layer (IPL) at P0 and P2. By P4, and especially by P7, DSCAM immunoreactivity was more punctate compared to earlier ages. **E**: DSCAM was observed throughout the IPL and in a limited fashion in the outer plexiform layer (OPL) of the adult retina. **F**: Residual DSCAM protein in the *Dscam^del17^* allele accumulated around the cell soma. **G**: The DSCAM protein was not observed in the *Dscam^2J^* allele. **H** and **I**: The DSCAM protein in the *Dscam^3J^* and *Dscam^FD^* alleles aggregated around the cell soma. **J**: A secondary antibody-only control demonstrated the lack of nonspecific labeling by the secondary antibody. **K**--**O**: Sections of the wild-type and *Dscam^del17^* retina were stained with hematoxylin and eosin. Disorganization of the *Dscam^del17^* retina became apparent by approximately P4, when cells were observed in the inner plexiform layer (arrows) and the retinal ganglion cell layer was thicker compared to wild-type (**G**; arrows) and was easily observable by P6, when uneven lamination of the retinal ganglion and inner nuclear layer was observed (**H**; arrows). The scale bar in (**I**) is equivalent to 134 µm in **A**--**J**, 91 µm in **K**, 116 µm in **L**, 170 µm in **M** and **N**, and 156 µm in **O**. The insets in **B** and **C** are 3.2 µm wide.](mv-v20-1422-f1){#f1}

The punctate pattern of DSCAM localization was reminiscent of the staining observed when synaptic markers are assayed. DSCAM has been implicated in synaptic lamination and receptor clustering, which suggested the protein might be localized at synapses \[[@r2],[@r14]\]. Studies were conducted to identify proteins near or that colocalize with DSCAM to better assess its role in synaptic organization. Double labeling with the synaptic markers PSD95 and bassoon, markers of excitatory and inhibitory synapses, respectively, indicated a surprisingly small degree of overlap between DSCAM and these synaptic markers in the early postnatal (P7) and adult retina, which could reflect the absence of DSCAM from these foci or that the protein is not detectable at synapses ([Figure 2A](#f2){ref-type="fig"}--C).

![DSCAM colocalizes with catenins in the adult retina. **A**-**C**: Sections of retina were stained with antibodies to DSCAM, PSD95 and bassoon. DSCAM staining appeared to overlap minimally with synaptic markers. **D**: Retinal sections were stained with two different antibodies to DSCAM. Colocalization of markers was apparent in white (inset box). A bar chart readout of the colocalization by laminar depth, running from S1 (top) to S5 (bottom). The degree of protein colocalizing is indicated by the length of bar on the x-axis. Flipped controls were generated by rotating one of the channels 180 degrees across the vertical axis (so as to preserve S1-S5 but provide a randomized control). **E**: Retinal sections were stained with antibodies to bassoon and GABAa∂2. Colocalization of markers was apparent in white and in the bar chart (inset box). **F**: Retinal sections were stained with antibodies to GluR2 and bassoon. No colocalization of markers was apparent in white (inset box), and as depicted in the bar chart. **G**, Retinal sections from adult mice were stained with antibodies to Syntaxin1 and DSCAM. Minimal colocalization of markers was apparent (inset box) and in the bar charts. **H**: Retinal sections from adult mice were stained with antibodies to Syntaxin3 and DSCAM. No colocalization of markers was apparent in white (inset box) and as depicted in the bar charts. **I**: Retinal sections from adult mice were stained with antibodies to the adherens junctions marker ß-catenin and DSCAM. Colocalization of markers was apparent in white (inset box) and in the bar charts. **J**: Retinal sections from adult mice were stained with antibodies to the adherens junctions marker α-n-catenin and DSCAM. Colocalization of markers was apparent in white (inset box) and in the bar charts. **K**: Retinal sections from adult mice were stained with antibodies to the junction marker Zonula Occludens-1 and DSCAM. No colocalization of markers was apparent in white (inset box) or as depicted by the bar charts. **L**: Retinal sections from adult mice were stained with antibodies to the gap junction marker Connexin 45 and DSCAM. No colocalization of markers was apparent in white (inset box) or by the bar charts. The scale bar in (**A**) is equivalent to 12.5 µm in **A**, 18.9 µm in **B** and **C**, 53.25 µm in **D**-**L** and 7.9 µm in the insets from **D**-**L**.](mv-v20-1422-f2){#f2}

Some coincident localization can be expected when assaying fluorescent markers. Therefore, the degree of colocalization was assayed using customized software that measures the degree of colocalization compared to the same images in which one channel is flipped 180 degrees along the vertical axis, which preserved the gradient of immunoreactivity across the inner plexiform layer and provided control of incidental colocalization, given the degree of staining in each section \[[@r10]\]. In this analysis, a confocal stack of 30 sections along the Z plane of the inner plexiform layer was imaged and analyzed for each antibody pair. The colocalization analysis plotted the amount of each protein localized at different inner plexiform strata along with the degree of colocalization between the assayed proteins. Colocalization of two DSCAM antibodies was performed as a test of antibody specificity and to give a readout for near total colocalization ([Figure 2D](#f2){ref-type="fig"}). Colocalization was plotted according to the inner plexiform layer depth compared to the flipped control ([Figure 2D](#f2){ref-type="fig"}), with the intensity of colocalization revealed by the size of the bars projecting across the x-axis. Higher degrees of colocalization were color coded from high (red) to none (dark blue). To verify that this method was sufficient to detect colocalization of proteins that may be close together but in separate cells, such as pre- and postsynaptic proteins, we tested whether we could detect colocalization of pre- and postsynaptic markers with partial overlap. Bassoon (presynaptic at GABAergic and glycinergic synapses) and the GABAa∂2 receptor, a subunit localized to all retinal GABAergic receptors, were colocalized, even in the presence of glycinergic synapses in which bassoon, but not GABAa∂2, was present \[[@r15],[@r16]\] ([Figure 2E](#f2){ref-type="fig"}). To confirm that the analysis would not give false-positive results that may occur because of the large number of synapses in the inner plexiform layer, we assayed abundant inhibitory and excitatory markers. Colocalization was not detected when we assayed abundant inhibitory synaptic markers such as bassoon and abundant excitatory markers such as GluR2, which confirmed the specificity of the assay ([Figure 2F](#f2){ref-type="fig"}).

Colocalization analysis was performed on a large number of synaptic markers and DSCAM in the adult retina. DSCAM was not observed in the adult retina at points labeled with a marker of conventional synapses, syntaxin 1 ([Figure 2G](#f2){ref-type="fig"}), ribbon synapses, labeled with an antibody to syntaxin 3, and other synaptic markers \[[@r17]\] ([Figure 2H](#f2){ref-type="fig"}). The lack of detectable DSCAM at synapses in the adult suggested that visible DSCAM protein was localized to other features of inner plexiform layer neurites. We therefore tested whether DSCAM was colocalized with junction markers. DSCAM was colocalized with a subset of foci that immunostained for β and α-n-catenin ([Figure 2I,J](#f2){ref-type="fig"}). We tested whether DSCAM colocalized with markers of electrical synapses or tight junctions, which often share subunits and contain catenins. We did not observe colocalization of DSCAM with components of electrical synapses ([Figure 2K,L](#f2){ref-type="fig"}). DSCAM was also not colocalized with markers of other synaptic and cellular compartments, including Ctbp2, NR1, synapsin, neuroligin1, NMDA2A/B, Sap102, Shank PX2X, P2X7, GluR4, GABAaδ2, CASK, bassoon, vglut3, syntaxin2, Rim2, Glycine receptors, GluR1, OxPhos (mitochondria), MAGI2, connexin 36, 14-3-3 epsilon, syntaxin4 ZONAB, MAGI3, ZO-2, or 14-3-3 eta ([Figure 3A](#f3){ref-type="fig"}--BB). We also tested if DSCAM colocalized with synapses in primary cultures of retinal ganglion cells, where the labeling of neurites and synapses is more distinct. Colocalization of DSCAM and synaptic markers was only rarely detected ([Figure 3](#f3){ref-type="fig"} CC; arrow, DD and data not shown). Therefore, in the adult retina, we observed DSCAM colocalized with a subset of catenin-containing complexes, but DSCAM did not visibly colocalize with other synaptic and adhesion molecules in the adult mouse retina.

![Limited colocalization of DSCAM and synaptic markers detected in the adult retina. Analysis of colocalization between DSCAM and C-Terminal Binding Protein-2 (CTBP2; **A**), NMDA R1 (NR1) (**B**), Synapsin (**C**), Neuroligin (**D**) NMDA 2B (**E**), NMDA 2AB (**F**) Synapse Associated Protein 102 (SAP102; **G**), Shank (**H**), P2X2 (**I**), P2X7 (**J**), Glutamate Receptor 4 (GluR4; **K**), GABAaδ2 (**L**), Calcium/Calmodulin-Dependent Serine Protein Kinase (CASK; **M**), Bassoon (**N**), Vesiclar Glutamate Transporter 3 (vglut3; **O**), Syntaxin 2 (**P**), RIM 2 (**Q**), Glycine Receptor (**R**), Glutamate Receptor 1 (GluR1; **S**), Oxidative Phosphorylation marker (**T**), Membrane Associated Guanylate Kinase 2 (MAGI2; **U**), Connexin 36 (**V**), 14-3-3 ε (**W**), Syntaxin 4 (**X**), ZO-1-Associated Nucleic Acid-Binding Protein (ZONAB; **Y**), Membrane Associated Guanylate Kinase 3 (MAGI3; **Z**), Zonula Occludens-2 (**AA**) or 14-3-3 ξ (**BB**). **CC** and **DD**, Dispersed cultures of retinal ganglion cells were stained with antibodies to DSCAM, PSD95 and GABAa∂2. Only rare examples of DSCAM overlap with synaptic markers were observed (**CC** arrow). The scale bar in **DD** is equivalent to 53.25 µm in **A** - **CC** and 7.9 µm in insets from **A** - **CC**. The scale bar in **DD** is equivalent to 15.8 µm in **CC** and 35.5 µm in **DD**.](mv-v20-1422-f3){#f3}

Synaptogenesis occurs early in the postnatal mouse retina. Initially between P3 and P8, most synaptogenesis occurs between amacrine and ganglion cells. Later, starting around P9--P10, bipolar cells start to make synapses with amacrine and ganglion cells, with eye opening and visual function initiating at P13--P14. We considered that we did not observe DSCAM localization to synapses because the protein was excluded from the developing synapses as part of the maturation process or because we did not assay at an appropriate time. We therefore assayed DSCAM localization in the developing retina. Using PSD95 as a marker of excitatory synapses, developmental colocalization was assayed at P4, P7, P10, and P14 and in the adult ([Figure 4](#f4){ref-type="fig"}). Although only minimal overlap between DSCAM and PSD95 was observed at P4 or P7 ([Figure 4A,B](#f4){ref-type="fig"}) or in the adult retina ([Figure 4E](#f4){ref-type="fig"}), strong colocalization was observed at P10, P12 (not shown), and P14 ([Figure 4C,D](#f4){ref-type="fig"}). A similar pattern of developmental colocalization was observed for other synaptic markers, including SAP102 ([Figure 5A](#f5){ref-type="fig"}).

![Robust wave of developmental colocalization between DSCAM and PSD95. **A**--**E**: Sections of the P4, P7, P10, P14, and adult retina were stained with antibodies to DSCAM and PSD95. Colocalization was plotted regarding the laminar depth and as a volcano plot. Flipped controls were generated by rotating one of the channels 180 degrees across the vertical axis (to preserve S1--S5 but provide a randomized control). The use of the flipped controls maintained the degree of immunoreactivity and provided a measure of incidental colocalization. Limited colocalization between DSCAM and PSD95 was observed at P4 (**A**) and P7 (**B**) and in the adult retina (**E**). At P10 and P14, many instances of overlap between PSD95 and DSCAM were observed (**C** and **D**) while colocalization analysis identified a higher degree of colocalization compared to flipped controls or earlier and later time points. The scale bar in **E** is equivalent to 53.25 µm in **A**--**E** and 7.9 µm in insets from **A**--**E**.](mv-v20-1422-f4){#f4}

![Developmental colocalization between DSCAM and synaptic and scaffolding molecules. **A**--**D**: Retina sections at early postnatal stages were stained with antibodies to DSCAM and Sap102 or GluR2 or GABAaδ2 or γ-protocadherin. Flipped controls were generated by rotating one of the channels 180 degrees across the vertical axis (to preserve S1--S5 but provide a randomized control). The use of flipped controls maintained the degree of immunoreactivity and provided a measure of incidental colocalization. Compared to the flipped controls, an increase in colocalization of all antigens and DSCAM was observed. **E**: Section of the P0 retina stained with antibodies to DSCAM and γ-protocadherin. Both proteins overlapped in a diffuse pattern across the inner plexiform layer. **F**: Primary culture of retinal ganglion cells stained with antibodies to DSCAM and γ-protocadherin. Overlap was observed in some but not all puncta (yellow arrows; overlap, red or green arrow; no overlap). The scale bar in (**F**) is equivalent to 53.25 µm in **A**--**D** (insets are 7.9 µm), 100 μm in **E**, and 5.17 μm in **F**.](mv-v20-1422-f5){#f5}

To further assay developmental colocalization, an independent method of colocalization was used. Retina sections were stained with DSCAM and the synaptic marker SAP102 and then imaged. Regions that did not contain synapses, such as blood vessels or freeze artifacts, were marked and excluded from analysis. The number of DSCAM- and SAP102-positive puncta and the number of puncta that overlapped by at least 50%, were counted at P7 and P14 and in the adult ([Table 1](#t1){ref-type="table"}). We repeated this analysis on nine additional markers at P14 to determine how often DSCAM colocalizes with different markers ([Table 1](#t1){ref-type="table"}).

We assayed a subset of these markers during development to determine if an increase in colocalization was common apart from SAP102 and PSD95. Developmental colocalization of DSCAM and GluR2 and GABAaδ2 and γ-protocadherin was detected ([Figure 5B](#f5){ref-type="fig"}--D and data not shown). Colocalization of DSCAM and γ-protocadherin was observed at early developmental time points, when both proteins have a diffuse localization pattern ([Figure 5E](#f5){ref-type="fig"}). These proteins were also observed to colocalize through development and in the primary culture of retinal ganglion cells ([Figure 5F](#f5){ref-type="fig"}). Early colocalization, by P2, was observed between DSCAM and α-n-catenin and β-catenin (data not shown).

To assay whether *Dscam* is required for the placement of synaptic or adhesion proteins, we stained sections of wild-type and *Dscam* mutant retina with antibodies to synaptic or adhesion proteins. Differences in the distribution of synaptic and adhesion markers within the inner plexiform layer were not detected when we visually compared the wild-type and *Dscam* mutant retina ([Figure 6](#f6){ref-type="fig"}).

![Synaptic and adhesion molecules in the wild-type and *Dscam* mutant retina. Wild-type and *Dscam* mutant retina sections were stained with antibodies to synaptic or junction molecules. **A** and **B**: Section of wild-type and *Dscam* mutant retina were stained with antibodies to CTBP2. **C** and **D**: Sections of wild-type and *Dscam* mutant retina were stained with antibodies to PSD95. **E** and **F**: Sections of wild-type and *Dscam* mutant retina were stained with antibodies to Bassoon. **G** and **H**: Sections of wild-type and *Dscam* mutant retina were stained with antibodies to α-n-catenin. **I** and **J**: Sections of wild-type and *Dscam* mutant retina were stained with antibodies to GABAaδ2. **K** and **L**: Sections of wild-type and *Dscam* mutant retina were stained with antibodies to γ-protocadherin. A similar distribution of synaptic markers, considering the disorganization of the *Dscam* mutant retina, was observed in the genotypes. Scale = 53.25 μm.](mv-v20-1422-f6){#f6}

Discussion
==========

DSCAM in the vertebrate retina acts to regulate developmental cell death, to prevent adhesion in a large number of spatially overlapping cell types in the mouse, and to mediate neurite targeting to specific depths of the IPL in the chick retina. To better understand how DSCAM contributes to these processes, we assayed its localization during development. We found that DSCAM was broadly distributed throughout the developing and adult mouse IPL. The diffuse localization of DSCAM during early stages of retinal development and the continuous distribution throughout the IPL of the adult suggests that DSCAM would make a poor candidate to target processes to a given layer of the IPL in the mouse and that other factors might mediate this function. Localization of DSCAM in the chick retina is more limited in distribution than in the mouse and macaque, with DSCAM localization limited to a narrow band abutting the retinal ganglion cell layer \[[@r2]\]. The more limited localization of DSCAM in the chick retina has made identifying the role of DSCAM more amenable to loss and gain of function studies, which clearly demonstrate a role in neurite lamination \[[@r2]\].

To further address the function of DSCAM in the mouse, we assayed developmental localization and colocalization. During early stages of development, DSCAM was broadly distributed, after which the localization of DSCAM was observed at synaptic and catenin-containing complexes ([Figure 7A](#f7){ref-type="fig"}). During early postnatal development, before DSCAM was observed at synapses in this study, ectopic cell type-specific adhesion occurred in the *Dscam* null retina ([Figure 7B](#f7){ref-type="fig"}). Early diffuse localization of DSCAM and colocalization with catenins and γ-protocadherin suggest that DSCAM initially functions at adherens junctions to prevent excessive adhesion. Retinal neurons express numerous cell adhesion molecules and initially have a bushy distribution, suggesting that DSCAM could function to reduce misplaced connections between retinal neurons that would result from their early bushy distribution \[[@r18],[@r19]\]. At later time points, after the distribution of the retinal neurites had been refined, the DSCAM protein was observed to colocalize with synaptic markers. The timing at which DSCAM overlaps with synaptic markers coincides with the development of synaptic connections between bipolar cells and retinal ganglion cells, both of which express *Dscam*. The later decrease in DSCAM immunoreactivity at these sites could reflect its absence at these sites or that the protein is simply not detectable at later time points. Assaying the function of DSCAM at the synapse is complicated by the decrease in developmental cell death that occurs in the *Dscam* null retina and the known synaptic defects that occur in the absence of cell death pathway proteins \[[@r20]\]. Future studies in which conditional targeting of *Dscam* is performed after cell death has occurred but before the colocalization observed in this study are planned to overcome this challenge.

![Model of DSCAM dynamic localization. **A**: At early developmental time points, DSCAM was localized along the developing neurites. As development proceeded, DSCAM took on a punctate pattern and overlapped with synaptic markers at time points consistent with synaptogenesis, but after ectopic adhesions had developed. As the retina matured, DSCAM was not observed overlapping with synapses but was observed overlapping with catenins. **B**: DSCAM prevented adhesion, but in the absence of the protein, other factors, possibly cadherins or other CAMs such as sidekicks, caused similar cells and their neurites to adhere to each other.](mv-v20-1422-f7){#f7}

DSCAM colocalization with catenins was detected in the developing and adult retina, suggesting that the protein's activity at these foci promotes developmental cell death and prevents the ectopic clustering of cells observed in the *Dscam* mutant retina. Catenins serve to connect transmembrane cadherins with the cytoskeleton and play important developmental roles in migration, axon path finding, synapse maturation, and synapse stability, and defects in lamination of the mouse retina in the absence of β-catenin have been reported \[[@r21]-[@r23]\]. The identification of DSCAM at the adherens junctions suggests that cadherins are good candidates for mediating the adhesion observed in the absence of DSCAM, and the expression of some cadherins in specific types of retinal neurons suggests that cadherins may also act as cell type-specific identifiers by which like cells are spaced in horizontal mosaics across the retina \[[@r24]\]. Recent studies further demonstrate the importance of cadherins in laminar targeting by bipolar cells, consistent with the adherens junction being a critical site of developmental regulation \[[@r25]\]. Dissociation of catenin/cadherin complexes is mediated by receptor tyrosine kinases, such as Fyn. DSCAM has been shown to activate this kinase and induce growth cone collapse in axons, consistent with the increased adhesion that occurs in the absence of DSCAM and suggesting a mechanism for the adhesion observed in the *Dscam* mutant retina \[[@r26]\].
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